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E-mail address: hottiger@vetbio.uzh.chADP-ribosylation is a covalent post-translational protein modiﬁcation catalyzed by ADP-ribo-
syltransferases and is involved in important processes such as cell cycle regulation, DNA damage
response, replication or transcription. Histones are ADP-ribosylated by ADP-ribosyltransferase diph-
theria toxin-like 1 at speciﬁc amino acid residues, in particular lysines, of the histones tails. Speciﬁc
ADP-ribosyl hydrolases and poly-ADP-ribose glucohydrolases degrade the ADP-ribose polymers. The
ADP-ribose modiﬁcation is read by zinc ﬁnger motifs or macrodomains, which then regulate chro-
matin structure and transcription. Thus, histone ADP-ribosylation may be considered an additional
component of the histone code.
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ADP-ribosylation is a post-translational modiﬁcation that is
characterized by the synthesis of negatively charged polymers of
ADP-ribose at speciﬁc acceptor amino acid residues of proteins.
The synthesis of poly-ADP-ribose is catalyzed by ADP-
ribosyltransferases (ARTs) and requires nicotinamide adenine
dinucleotide (NAD+) as a substrate [1]. The protein family of ARTs
currently comprises 22 human enzymes with an ADP-ribosyltrans-
ferase domain [2]. The best characterized ART of the diphtheria
toxin-like subclass, ADP-ribosyltransferase diphtheria toxin-like 1
(ARTD1/formally called PARP1), is an abundant chromatin associ-
ated nuclear protein of 113 kDa [2] that is implicated in crucial
processes such as transcriptional control, cell differentiation or cell
cycle regulation [3,4]. As for most ARTDs, the catalytic domain
that catalyzes poly-ADP-ribosylation is located at the carboxyl-
terminus of ARTD1 [2]. The N-terminal DNA-binding domain of
ARTD1 is involved in the binding of different forms of nucleic acids
and contains two zinc ﬁngers, a third zinc binding motif and a nu-
clear localization signal [3]. Binding of this domain to DNA induces
a strong interaction with the catalytic domain increasing the Vmax
and decreasing the Km for NAD+ of ARTD1 [5]. ARTD1 is both the
main nuclear ART in mammalian cells as well as the main acceptor
of poly-ADP-ribose in the cell [3,6]. The central auto-modiﬁcationchemical Societies. Published by Edomain (AMD) contains acceptor amino acids for the covalent
attachment of poly-ADP-ribose [5]. Three lysine residues in this
ADM (K498, K521 and K524, called KTR) as well as additional res-
idues within the 214 N-terminal amino acids were recently identi-
ﬁed as the auto-ADP-ribosylation sites of ARTD1 [5]. Besides
ARTD1, several other nuclear proteins (e.g. histones or transcrip-
tion factors) are poly-ADP-ribosylated and thus functionally regu-
lated by ARTD1 [7,8]. Thereby, poly-ADP-ribosylation plays a major
role in a multitude of biological processes, such as maintenance of
genomic stability, chromatin modiﬁcation, cell death and tran-
scriptional regulation. These observations also implicate ARTD1
in different pathologies such as cancer, inﬂammation and neurode-
generative disorders [1,9,10].
2. ADP-ribosylation of histones
Two copies of the histones H2A, H2B, H3 and H4 form the octa-
meric protein core of the nucleosome and histone H1 further com-
pacts the nucleosomes into the 30 nm ﬁlament [11]. The variation
of this chromatin condensation is the ﬁrst step in the regulation of
transcription and may be brought about by histone modiﬁcations
[12]. In order for such modiﬁcations to serve as a histone code that
extends the genetic code, speciﬁc proteins that synthesize, recog-
nize and degrade the modifying groups must exist (Fig. 1). Further-
more, the histone modiﬁcations affect chromatin structure and
thereby regulate protein–DNA interactions. The best studied,
canonical histone modiﬁcations constituting the histone code arelsevier B.V. All rights reserved.
Table 1
ADP-ribose can either be linked to the negatively charged acceptors glutamic and
aspartic acid via ester bonds or to positively charged arginine or lysine residues
(ketamine bonds).
Ketamine bond Ester bond
Treatment
Hydroxylamine Resistant Highly sensitive
Alkali Partially resistant Highly sensitive
Acid Partially sensitive Partially sensitive
Examples ADP-ribose–arginine ADP-ribose–glutamic acid
ADP-ribose–lysine ADP-ribose–aspartic acid
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post-translational modiﬁcations of histone tails include ADP-
ribosylation, biotinylation, O-GlycNAcylation, sumoylation or ubiq-
uitination, which may all contribute to the histone code and to
epigenetic regulation [14,15].
Overall, only a small fraction of all histone proteins (less than
1%) are ADP-ribosylated [16–18]. Experiments with histones
puriﬁed from rat liver nuclei and from HeLa cells show that all his-
tone proteins (H1, H2A, H2B, H3 and H4) can be modiﬁed, although
the modifying ART was not identiﬁed [19–21]. Histone ADP-
ribosylation is suggested to be a covalent modiﬁcation [18] with
primarily ADP-ribose monomers or short oligomers rather than
with long polymers [19]. Depending on the chromatin composi-
tion, the ADP-ribosylation pattern of histone proteins varies. While
histone H1 is the main ADP-ribose acceptor in native chromatin,
histone H2B is the most ribosylated histone in H1-depleted
chromatin [22]. In addition, differential modiﬁcation of histones
may also reﬂect changes in the accessibility of different histones
due to altered chromatin structure, for example following DNA
fragmentation [23]. This is conﬁrmed by the observation that
histones in nucleosomes proximal to the site of attack by micrococ-
cal nuclease were found to be extensively ADP-ribosylated [21].
Furthermore, ARTD1 is able to ribosylate the ﬁve individual his-
tone proteins in vitro [24–29]. In contrast to ARTD1, ARTD2 (for-
mally called PARP2) is unable to modify single histones in vitro
[26]. ARTD3 (PARP3) interacts with histones H2B and H3, but it
is not clear whether ARTD3 is able to modify these histones [30].
Recently, it was shown that ARTD3 can ADP-ribosylate histone
H1.2 in vitro [31]. ARTD10 (formally called PARP10) is localized
in the cytoplasm and the nucleus and was shown to mono-
ADP-ribosylate core histones [32–34]. Other members of the ARTD
family have not yet been tested and characterized for their ability
and speciﬁcity to modify histones.
3. ADP-ribose acceptor sites and linkages in histones
The core histones are predominantly poly-ADP-ribosylated at
their basic amino-terminal region that protrudes from the nucleo-
some [19,35]. Speciﬁc glutamic acid residues in histones H1 and
H2B, as well as the C-terminal lysine residue of H1, were reported
as ADP-ribose acceptors [36–38], but these ﬁndings have not been
conﬁrmed by mass spectrometry and the ARTs responsible for
these modiﬁcations have not been determined. More recently, it
was shown by mass spectrometry and electron-transfer dissocia-
tion (ETD) that speciﬁc lysine residues in the tails of H2A (K13),
H2B (K30), H3 (K27 and K37) and H4 (K16) can be modiﬁed by
ARTD1 [26]. ETD is a fragmentation technique of protonated pep-
tides by electron transfer from radical anions and is particularly
suited for the analysis of protein modiﬁcations because it is less
likely to cause the removal of side chains (e.g. ADP-riboses or phos-
phate groups) than conventional collision-induced dissociation
(CID) mass spectrometry [26,39,40].
Extraction of isolated and precipitated ADP-ribosylated histones
results in an acid soluble histone fraction likely comprised of mono-
ADP-ribosylated proteins and an acid insoluble fraction of poly-
ADP-ribosylated histones [41]. The chemical linkages in both of
these fractions are alkali labile and in some cases also susceptible
to neutral hydroxylamine [18,42,43]. This difference in the suscepti-
bility to neutral hydroxylamine suggests the presence of both ester-
and ketamine bonds [5,23,44] (Table 1). The same types of linkages
are suspected in crude chromatin and in isolated nuclei [8,45].
4. Degradation of the ADP-ribose modiﬁcation
The importance of poly-ADP-ribose turnover is highlighted by
the fact that deletion of the major poly-ADP-ribose glycohydrolase(PARG) in Drosophila and mouse leads to embryonic lethality
[46,47]. However, the proteins and reactions that reverse the
poly-ADP-ribose modiﬁcation are only little understood despite
this essential function. The fact that not all ADP-ribose acceptor
sites have been characterized and different types of linkages occur
complicates the study of putative ADP-ribose degrading enzymes.
In human, only three ADP-ribosyl hydrolases (ARHs) and one
poly-ADP-ribose glycohydrolase (PARG) have been described so
far [48–51]. The poly-ADP-ribose polymer can be degraded by
PARG and ARH3, which hydrolyze glycosidic bonds between two
ADP-ribose units, thus releasing ADP-ribose moieties from the
polymers [51]. An ADP-ribosyl protein lyase exhibiting activity
towards glutamic acid linked ADP-ribosyl moieties has been once
reported, but this protein has not been cloned yet [51–53]. The
only enzyme that was shown to release the primary ADP-ribose
moiety from the protein acceptor is ARH1, which cleaves off a
mono-ADP-ribose from arginine residues [48]. It is not known if
ARH1 is able to hydrolyze the ADP-ribose-lysine linkage and other
enzymes hydrolyzing this ketamine-bond have neither been de-
scribed. Depending on the particular amino acid residue that is
modiﬁed (e.g. lysine), a mono-ADP-ribose moiety may thus remain
on the protein and serve as a stable long-term epigenetic mark.
5. Proteins that read the ADP-ribose code
Proteins that decipher the ADP-ribose code and induce changes
in chromatin structure are an important component of the histone
code concept. Recently, two types of protein modules that speciﬁ-
cally interact with poly-ADP-ribose in vivo have been identiﬁed
(Fig. 1). A short 20-amino acid motif comprised of mainly basic
and hydrophobic amino acids present in important DNA damage
checkpoint proteins was also shown to bind poly-ADP-ribose in
vitro, but this interaction has so far not been conﬁrmed in vivo
[54,55].
Macrodomains are highly conserved globular modules with
high afﬁnity for ADP-ribose [56]. The histone variant macroH2A
occurs in three isoforms (macroH2A1.1, macroH2A1.2 and
macroH2A2), of which only the macroH2A1.1 isoform binds ADP-
ribose in vitro, speciﬁcally recognizing terminal ADP-riboses [57].
In combination with activated ARTD1, macroH2A1.1 seems to
adapt gene expression to different metabolic states of the cell by
chromatin compaction and looping of chromosome regions [57].
Similarly, the macrodomain containing protein ALC1 (Ampliﬁed
in Liver Cancer 1) is targeted to sites poly-ADP-ribose accumula-
tion and stimulated upon poly-ADP-ribose binding [57–59].
Poly-ADP-ribose binding zinc ﬁnger (PBZ) domains are neces-
sary for the function of CHFR (checkpoint protein with FHA and
RING domains) in antephase checkpoint control and for targeting
APLF (C2orf13/PALF/XIP1) to sites of chromosome damage
[60,61]. Interestingly, APLF contains two tandem PBZ domains,
which synergize in their binding to multiple ADP-riboses of the
poly-ADP-ribose chain [62]. Despite the identiﬁcation of several
proteins that recognize the ADP-ribose modiﬁcation, important
Fig. 1. The ADP-ribosylation cycle comprises synthesis on speciﬁc acceptor residues, recognition and degradation of the poly-ADP-ribose ( ) polymer. So far, only ARTD1,
ARTD3 and ARTD10 are known to ADP-ribosylate histones, while ARTD2 does not ADP-ribosylate histone tails in vitro. It is currently not known if ARTD3 and ARTD10 ADP-
ribosylate lysine residues (indicated by ’’?’’). The best-studied ADP-ribose binding proteins are macrodomains, which preferentially interact with terminal ADP-ribose groups,
and poly-ADP-ribose binding zinc ﬁnger motifs (PBZ). The ADP-ribose polymer is degraded by ADP-ribosylhydrolases and glucohydrolases. ARH3 and PARG release ADP-
ribose from poly-ADP-ribose (→). An enzyme degrading the ADP-ribose-lysine bond has not been identiﬁed yet (→).
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exact ADP-ribosyl-structures in mono- and poly-ADP-ribosylated
proteins are bound.
6. Crosstalk between histone ADP-ribosylation and other post-
translational modiﬁcations
Crosstalk between different post-translational modiﬁcations
can occur by direct competition for acceptor sites or by indirect ef-
fects. Histone acetylation may render chromatin more accessible to
ADP-ribosylation and thereby favor this modiﬁcation and provide
an indirect crosstalk between acetylation and ADP-ribosylation
[63,64]. However, it is not known if the structural changes induced
upon acetylation are a prerequisite for ADP-ribosylation. On the
other hand, treatment with a histone deacetylase inhibitor, leading
to hyperacetylation, disrupted the correlation between acetylation
and ADP-ribosylation and therefore suggests that acetylation and
ADP-ribosylation may compete with each other [65]. The identiﬁ-
cation of speciﬁc lysine residues as ADP-ribose acceptors is an
important ﬁnding because the same amino acid residues are po-
tential acetylation and methylation sites. It is therefore possible
that ADP-ribosylation, acetylation and methylation compete for
the same acceptor sites and thus cause crosstalk between these
three modifying signals. The most direct evidence for this direct
crosstalk between ADP-ribosylation and acetylation is given by a
recent study that demonstrated that acetylation of lysine residue
K16 of histone H4 inhibits ADP-ribosylation in vitro [26]. Although
the majority of these ﬁndings are derived from in vitro experi-
ments, these results suggest that different crosstalk likely existin vivo. It remains to be determined if other modiﬁcations of the
histone code such as methylations or ubiquitinylations also cross-
talk with ADP-ribosylation.
7. Conclusions
ADP-ribosylation of histones and the best characterized ART,
ARTD1, have been mainly studied following the introduction of
DNA strand breaks. As a consequence, the discussion of the biolog-
ical signiﬁcance of ADP-ribosylation has been restricted to geno-
toxic stress. However, the work of several research laboratories
during the last 10 years has provided overwhelming evidence that
histone ADP-ribosylation has essential functions during DNA repli-
cation, transcription and chromatin remodeling that go far beyond
the limited role in genotoxic stress response. Here, we have sum-
marized the current knowledge on the synthesis, degradation
and speciﬁc recognition of the poly-ADP-ribose signal on histones.
Our understanding of ADP-ribosylation and its biological implica-
tions still exhibits many gaps; in particular with respect to the
chemical speciﬁcities of the various enzymes and ADP-ribosylation
patterns as well as the possible structural changes of the chromatin
structure after ADP-ribosylation of histones. In particular, the cur-
rent lack of an enzyme degrading the ADP-ribose-lysine bond
makes this modiﬁcation a perfect candidate for a long-term epige-
netic mark that enables the maintenance of a particular chromatin
state. Together, ADP-ribosylation of histones is comparable to
other canonical histone modiﬁcations such as acetylations, methy-
lations or ubiquitinations and therefore may represent an addi-
tional module of the histone code.
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